In this paper, we are choosing a suitable indoor-outdoor propagation model out of the existing models by considering path loss and distance as parameters. A path loss is calculated empirically by placing emitter nodes inside a building. A receiver placed outdoors is represented by a Quadrocopter (QC) that receives beacon messages from indoor nodes. As per our analysis, the International Telecommunication Union (ITU) model, Stanford University Interim (SUI) model, COST-231 Hata model, Green-Obaidat model, Free Space model, Log-Distance Path Loss model and Electronic Communication Committee 33 (ECC-33) models are chosen and evaluated using empirical data collected in a real environment. The aim is to determine if the analytically chosen models fit our scenario by estimating the minimal standard deviation from the empirical data.
Introduction
Network planning is quite important in outdoor and indoor scenarios and the tools that are developed are to help operators to optimize their networks. These tools help in determining the best parameters like the position of an emitter node, the transmit power, and the suitable transmission channel. For these parameters to work efficiently in the chosen environment, it is also important to choose the best suited signal propagation model [1] . The propagation mechanisms are examined to help the development of propagation prediction models and to enhance the understanding of electromagnetic wave propagation phenomena involved when dealing with radio transmission in mobile and personal communication environments.
Evidently, the radio propagation phenomena are by themselves not new and do not depend on the considered environment. However, considering all the existing radio propagation phenomena, the most important one must be identified and investigated to improve the modeling of the mobile radio communication channel or of the prediction of radio coverage and signal quality in radio communication systems. The most important radio propagation phenomena depend on the environment and differ whether we consider a flat terrain, or houses in a suburban area, or buildings in the city center. Propagation models are efficient only when the most dominant phenomena are taken into account and in how much detail they need to be considered will also differ whether we are interested in modeling the average signal strength, or the path loss, or the power density, or any other signal characteristics.
The propagation environment causes difficulties in the investigation of the wireless signal propagation. Here, the most important aspects are as follows: (i) the distance between a base station and a receiver ranging from several meters to several kilometers, (ii) walls inside the building have sizes ranging from very small to very large in comparison to the signal wavelength and affect the propagation of the radio waves, (iii) the details of the signal propagation environment are usually not known [1] .
1

EAI Endorsed Transactions on Mobile Communications and Applications
Research Article
In this work, the considered indoor-outdoor scenario implies communication among a quadrocopter (QC) which flies around the building and wireless nodes located inside. Since a suitable propagation model is important to work in a mixed indoor-outdoor environment we select a few of the existing signal propagation models by considering the parameters for our scenario. The literature study suggests models which work in either the indoor or the outdoor environment. By comparing other existing models, we propose to provide a model which is nearer in approximation in terms of the minimum root mean squared error (RMSE) in comparison to the log-distance path loss model, in the frequency range of 2400 MHz and applicable in a mixed indoor-outdoor scenario. The latter considers that an emitter and a receiver are separated by one or multiple walls.
This paper provides a qualitative extension of our work in [21] which presented an adaptation of several signal attenuation models to the empirical data collected in an experimental setup. With the purpose of generalization of the obtained results, this work presents an analysis of data obtained in two experimental setups representing two different venues. Furthermore, this work extends the list of benchmark models, used in the comparison part of the paper, by the ITU model which is frequently used in the up-todate simulators [22] . The remainder of this paper is organized as follows. In Section II, we briefly describe the criteria to select the signal propagation models for our scenario and provide detailed explanation of our analytically chosen models. In Section III, we present the evaluation scenario. Section IV gives the analysis of our results. In Section V, the conclusions are drawn.
State of the art
Path loss or path attenuation is the reduction in power density of an electromagnetic wave as it propagates through space [14] . The signal propagation models are designed keeping in mind the path attenuation factor, base station antenna height, mobile station antenna height, distance and operating frequency. Several other factors also contribute to the design of a signal propagation model. For example, such models can help to find the best position of an emitter, the optimal radiated power and the best propagation channel. An overview of the existing and the most well-known signal propagation models is provided in Table 1 . Next, we highlight the models selected for further evaluation.
The following models are chosen as they fall in the frequency range of approximately 2400 MHz and the characteristics of these models are in accordance with our indoor-outdoor scenario.
Wall Attenuation Model. In order to predict the received signal strength between an emitter and a receiver, we employ the wall attenuation model [19] . In this model, the received power P r (d) (in dBm) at a distance d (in meters) from the transmitter is given by:
where P r0 is the signal strength one meter from the transmitter, γ is the path loss exponent and X σ represents a Gaussian random variable with zero mean and a standard deviation of σ dBm [8] . In the equation above,P r (d) represents the mean (expected) signal strength d meters from the transmitter, while P r (d) denotes a random outcome. This model takes into account the different obstacles present in multiple transmitter-receiver paths with the same separation. This phenomenon is referred to as the log-normal shadowing. For example, Seidel et al. report the results of modeling two office buildings at 914 MHz, with the best fits (γ, σ ) corresponding to (3.27, 11.2) and (3.25, 5.2) for single-floor measurements [13] . Other installations that have also been shown to follow this model can be found in [8, 11, 12] . This equation can also be extended with a wall attenuation factor W :
The parameter γ defines the statistical model and is viewed as heavily dependent on the environment. Measurements in the literature have reported empirical values for γ in the range between 1.8 (lightly obstructed environments with corridors) and 5 (multi-floored buildings), while values for γ usually fall into the interval (4, 12) dBm [8] . According to [19] , the following parameters are representing the best fit for this model applied in a mixed indoor-outdoor scenario:
Free Space Model. The Free Space Model is also considered to be the benchmark model for our scenario. In this model, the received power is a function of the transmitted power, antenna gain and distance between a transmitter and a receiver. The basic idea is that the received power decreases as the square of the distance between the transmitter and the receiver subjected to the assumption that there is one single path between the transmitter and the receiver. The received signal power in a free space at a distance d from the transmitter is [8] 
where P t is the transmitted signal power, P r is the received signal power, G t is the transmitter antenna gain, G r is the receiver antenna gain, λ is the wavelength. It is common to select G t = G r = 1. It can 
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Ericsson-9999 The base station antenna height of the SUI model can be used from 10 m to 80 m. The receiver antenna height is from 2 m to 10 m. The cell radius is from 0.1 km to 8 km. The SUI model describes three types of terrain: A, B and C. There is no declaration about any particular environment. Terrain A can be used for hilly areas with moderate or very dense vegetation. This terrain presents the highest path loss. Terrain B is characterized with either mostly flat terrains with moderate to heavy tree densities or hilly terrains with light tree densities. This is the intermediate path loss scheme. Terrain C is associated with minimum path loss and applies to flat terrains with light tree densities. The basic path loss expression of the SUI model with correction factors is presented as [4, 5] :
where d is the distance between the emitter and the receiver in meters, d 0 = 100 m; λ is the wavelength in meters; X f is the correction for frequency above 2 GHz; X h is the correction for the receiver antenna height, S is the correction for shadowing in the range between 8.2 and 10.6 in dBm, γ is the path loss exponent [4] . The parameter A and γ are defined as:
where the parameter h b is the base station antenna height in the range between 10 m and 80 m. The constants a, b, and c depend upon the type of terrain and are given in Table 3 . As a result, the value of parameter γ = 2 corresponds to the free space propagation in an urban area, 3 < γ < 5 to an urban non-line-of-sight environment, and γ > 5 to an indoor propagation. The frequency correction factor X f and the correction for the receiver antenna height X h are defined as 
Electronic Communication Committee 33 (ECC-33) Model.
The ECC 33 path loss model, which is developed by Electronic Communication Committee (ECC), is extrapolated from the original measurements by Okumura [7] . The model is defined as [3] :
where A f s is the free space attenuation, A bm is the basic median path loss, G t is the base station height gain factor and G t is the receiving antenna height gain factor. These parameters are individually defined as: 
COST-231 Hata Model.
A model that is widely used for predicting path loss in mobile wireless systems is the COST-231 Hata model [6] . It was devised as an extension to the Hata-Okumura model [7] . The COST-231 Hata model is designed to be used in the frequency band from 500 MHz to 2000 MHz. It also contains corrections for urban, suburban and rural (flat) environments. Although its frequency range is outside of the one used in our measurements, its simplicity and the flexibility have motivated many researchers to widely use it for the path loss prediction in frequencies above 2000 MHz. The basic equation for the path loss in dBm can be expressed as [8] : .
Green-Obaidat Model. This model was first described by Green and Obaidat [18] in 2002. It considers the path loss accounting due to the Fresnel zone with near earth antenna height (i.e., typically between 1 and 2 meters) [18] . The proposed path loss for near ground antennas is as follows:
where f is the frequency in GHz, h t and h r represent the antenna heights for the transmitter and the receiver correspondingly, and d is the overall distance. This equation can further be simplified for f = 2.4 GHz frequency as:
International Telecommunication Union (ITU) Model.
The International Telecommunication Union (ITU) developed numerous models suitable for scenarios like outdoor, urban, indoor, micro-and macrocell propagation. However, the most suitable for our scenario is the indoor propagation model. The ITU indoor propagation model can be expressed in dB as follows:
where f is the frequency in MHz, N is the distance power decay index, d is the distance in meters, L f (n) is the floor penetration loss factor and n is the number of the floors between the transmitter and the receiver [20] . Next, the above models will be evaluated according to our empirical data.
Evaluation
For the evaluation of our scenario, we have considered two different buildings to introduce the diversity. Our experiments took place at the Leonardo Da Vinci and Helmholtzbau buildings on the TU Ilmenau campus. For our experiments, we used two types of devices: five ASUS Eee PC Seashell series netbooks and five smartphones Samsung Galaxy S. In case of Helmholtzbau, received signal strength (RSS) readings were collected using a Quadrocopter (QC) positioned at discrete locations outside and inside the building at roughly every 6m. At each location, we gathered approximately 120 beacons, a procedure which took us about 2 minutes per location. Our QC was placed in 12 different locations around the building. As a result, the QC and nodes were separated by one to four different walls. In this way, we wanted to introduce diversity.
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In case of Leonardo Da Vinci, outdoor measurements were taken both in the front and rear (South and North correspondingly) of the building by placing the quadrocopter at distances of 5, 10, 12, 15, 20 meters in the front, and 5, 10, 16, 20, 25, 30, 35, 40, 50 , 55 meters in the rear. Since some models require reference measurements at distance d = 1 m, these measurements have been carried out indoors (the average value is P r0 = 37 dBm). For further indoor measurements, the nodes were placed equidistant at intervals of 0.9 meters. The technical specifications of the QC are given in Table 4 . Table 5 gives a description of the propagation parameters used for the evaluation of results. These parameters have been used to find the best match for every signal propagation model described above. We used the brute force method to go through all possible constellations of the values for the path loss exponent γ and the intercept (intercept has been applied for the log-distance and wall attenuation models only). For every combination of γ and intercept, an RMSE value has been calculated as an indication of correspondence to our empirical data. The smaller an RMSE value is, the more precisely a model fits to our scenario.
Evaluation results
Using the data obtained in our setup, we evaluated the path loss in dBm with respect to the distance between the emitter nodes and the QC. In Fig. 3(a) , we plot the average signal strength measurements for different distance values using outdoor measurements Fig. 3(b) incorporates both indoor and outdoor measurements.
Both Fig. 3(a) and Fig. 3(b) show three curves: the adapted wall attenuation model, the SUI model and the ITU model. According to our evaluation, these models fit the best to our empirical data. It is obvious in both figures that the SUI model, presenting the third best result in this work, deviates significantly from the cloud of measurements. Two other curves behave similar and only the RMSE can identify the winner.
According to the RMSE, the adapted wall attenuation model provides the best result using the path loss exponent γ = 1.8574 and the sum of the transmitted power and wall attenuation factor at 54.4117 dBm. The chosen RMSE for all models is shown in Fig. 4(a) which represents the RMSE for the measurements taken with the QC being outside of the building, whereas Fig. 4(b) represents the RMSE for all measurements. In both figures, the adapted wall attenuation model outperforms its opponents presenting RMSE values 5.1 and 7.8 considering outdoor measurements and all measurements correspondingly. It is worth noticing that the ITU model with RMSE values 7.1 and 9.1 correspondingly presents the second best result following the winner very closely. Considering the high heterogeneity of data applied for the calculation of the RMSE using measurements from both indoor and outdoor environments, we can explain the enormous degradation and almost doubled value of the RMSE compared to the results achieved with outdoor measurements only. 
EAI
European Alliance for Innovation
Evaluation of different signal propagation models for a mixed indoor-outdoor scenario using empirical data O.Artemenko et al.
Conclusion
As per the analysis of the chosen models, we obtained the minimum root mean squared error (RMSE) using the adapted wall attenuation model. The ITU model, the SUI model, the Free Space Model and the COST-231 Hata model provide the next best possible choice with respect to the minimum error. Hence for the chosen set of parameters and for the chosen mixed indooroutdoor environment, the adapted wall attenuation model provides a closer approximation of the RMSE in comparison to other models.
Comparing the obtained set of values for the adapted wall attenuation model (P r0 = 37 dBm, W = 17.4 dBm, γ = 1.9) with the one of the original model from [19] (P r0 = 40 dBm, W = 4.8 dBm, γ = 3.32), we can conclude the following:
• The obtained RMSE for the model with the adjusted parameters is significantly better than the original one (the corresponding ratio is 2.2 for outdoor measurements).
• The ITU model which is suited for indoor signal propagation has shown the second best fit to the obtained data.
• Similar environmental conditions do not guarantee similar behavior of the signal propagation.
• A calibration of parameters can improve the accuracy of the model significantly. However, such a calibration represents an overhead and needs to be periodically repeated for the same area. This is partially due to the fact that the environmental conditions like temperature, light, open and closed doors and windows of the building can have a considerable impact on the resulting signal propagation.
